[1] Realistic simulations of the Adriatic Sea for over 125 days are conducted using the Navy Coastal Ocean Model with atmospheric forcing provided by the Coupled Ocean/ Atmosphere Mesoscale Prediction System (COAMPS is a registered trademark of the Naval Research Laboratory (COAMP TM )). In two separate simulations of the Adriatic, a nested 2-km-resolution ocean model is forced by the inner (4-km) and outer (36-km) nests of the atmospheric model. Two meteorological stations and two acoustic Doppler current profiler observation sites are used to evaluate modeled atmosphere and ocean velocity fields for 28 January-4 June 2001. Modeled/observed correlations of atmospheric 10-m velocity are greater than 0.85 for both resolution models. Oceanic 5-and 25-m current fluctuations from both simulations generally match the magnitude and orientation of the observations. The 4-km-resolution atmospheric model is differentiated from the 36-kmresolution model by its ability to resolve the small-scale flow structures of the ''bora'' wind and by its better agreement with observed wind velocity statistics. The ocean simulation forced by the 4-km-resolution model is distinguished from the one forced by the 36-km-resolution model by its ability to reproduce the expected double-gyre circulation in the northern Adriatic and by its ability to better capture the magnitude and shape of the observed depth-dependent velocity correlation with wind at the deeper site. Though the 36-km forced ocean model agrees better with many observed velocity statistics, the 4-km forced ocean model produces the highest correlations with observations (exceeding 0.78) at subsurface depths that are most strongly correlated with winds.
Introduction
[2] The shallow waters of the northern Adriatic Sea are subjected to rapidly varying hydrological and meteorological forcing. The Po River is the major contributor of freshwater runoff and is given to intense flooding [Raicich, 1994] . The buoyant river water and extreme episodic gusts of the bora (northeasterly) and scirocco (southeasterly) winds frequently induce complex circulation in the Adriatic.
[3] Recent modeling work in the Adriatic Sea has centered on realistically configured ocean models driven by climatological coarse-resolution forcing to elucidate seasonal circulation [Zavatarelli et al., 2002; Zavatarelli and Pinardi, 2003] or driven by short idealized forcing to illuminate process-oriented dynamics [Bergamasco et al., 1999; Kourafalou, 2001] . They have detailed major seasonal variations like the enhanced barotropic nature of the West Adriatic Current (WAC) in winter [Zavatarelli et al., 2002] , and local processes like the formation of northern Adriatic deep water in winter and its transport along the west coast of the Adriatic [Bergamasco et al., 1999; Zavatarelli and Pinardi, 2003] . However, these studies were not designed to create verifiable predictions concerning the state of the sea at a given time.
[4] In an exception to this trend, Paklar et al. [2001] employed a 9-km-resolution mesoscale atmospheric model to force an Adriatic Sea simulation of 5-day duration. The goal of their work was to reproduce a satellite Sea Surface Temperature (SST) image of Po River water wrapping into a cyclonic gyre in the far northern Adriatic. The offshore excursion of the Po plume in the satellite image stands in contrast to typical winter conditions where the Po plume is confined to the western Adriatic shelf region [Sturm et al., 1992] . By examining the results of the impact of combinations of wind stress, heat flux, and river runoff on a 5-kmresolution implementation of the Princeton Ocean Model with 16 sigma levels and realistic bathymetry, the authors establish that all three forcing mechanisms are important for generating the remotely sensed circulation feature.
[5] The modeling results of Paklar et al. [2001] along with prior highly simplified modeling studies [Kuzmic and Orlic, 1987; Orlic et al., 1994] as well as observations [Zore-Armanda and Gacic, 1987; Supic et al., 2000; Mauri and Poulain, 2001] suggest that the wind stress curl applied by the bora induces a double gyre in the northern Adriatic Sea, with a cyclonic gyre occupying the shallow northern Adriatic and an anticyclone situated immediately to the south off the Istrian peninsula. The Po River plume appears to simply be entrained into the circulation of the northern cyclonic gyre. The analysis of satellite images by Sturm et al. [1992] indicates that this behavior by the plume occurs following prolonged intense bora events. Though Paklar et al. [2001] made use of high-resolution forcing, they simulated the ocean dynamics for only 5 days. The brief model simulation was not sufficient to infer substantial information about the frequency and duration of the dominant circulation patterns.
[6] Poulain [2001] quantified statistically the mean and fluctuating surface circulation of the Adriatic Sea from 9 years of drifter observations. In particular, he established that the mean speed of the WAC core is 20-35 cm/s with a width of 45-60 km, depending on the season. In addition, the mean field reveals broad westward directed circulation south of the Istrian peninsula and at the steep bathymetric slope of the Jabuka Pit. In the mean there is an isolated cyclonic gyre in the shallow waters of the northern Adriatic. The variability of the flow field is larger and more isotropic in the region where the Po River enters the sea. Variance ellipses are elongated in the coastal currents along the northern and western coasts, with standard deviations reaching the order of magnitude of the mean in these energetic regions.
[7] The overall aim of our modeling studies is to investigate in a quantitative manner the response of the northern Adriatic Sea to realistic high-resolution atmospheric forcing. We carry out the first long-term model evaluation effort for the Adriatic Sea using acoustic Doppler current profiler (ADCP) velocity observations collected during JanuaryJune 2001 by the European Strata Formation on Margins (EuroSTRATAFORM) program and by the pilot phase of the Naval Research Laboratory (NRL) Adriatic Circulation Experiment (ACE).
[8] This modeling work is designed to assist in the planning and interpretation of an ongoing suite of observations in the Adriatic Sea started in fall 2002. EuroSTRATA-FORM and ACE observations include bottom-mounted ADCPs, moored buoys, and Conductivity-TemperatureDepth (CTD) sections. Additional measurements using surface radar, airborne salinity mapping, towed undulating vehicles, and drifter releases are being conducted as well. The observational programs will generate much needed data concerning the circulation of this shallow sea subjected to river floods and strong wind events.
[9] The specific goals of the work presented here are to compare the oceanic and atmospheric modeled velocity fields with observations and to statistically document and analyze the canonical wind pattern and resultant oceanic flow. In addition, we seek to quantify the impact that the atmospheric model resolution has on the model circulation and correspondence with observations, in both the ocean and atmosphere. To achieve these goals requires attaining very high resolution in the application of the models of the atmosphere and ocean. The system we have configured is designed to resolve processes operative on small scales in both realms.
[10] This paper presents the model configuration and model forcing in sections 2 and 3. In sections 4 and 5, modeled atmospheric wind velocity and oceanic current velocities are compared to observations. In section 6 the ocean and atmosphere model results are enlisted to examine the effects of meteorological forcing on the ocean at locations removed from the measurement sites. The discussion and conclusions are presented in section 7.
Model Configuration
[11] We conduct simulations of the Adriatic Sea using the Navy Coastal Ocean Model (NCOM). NCOM is a hybrid sigma/z-level primitive equation, free-surface model invoking the hydrostatic, incompressible, and Boussinesq approximations [Martin, 2000] . The Mellor-Yamada level 2.5 turbulence scheme and Smagorinsky horizontal diffusion are utilized.
[12] Surface forcing is provided by the atmospheric component of the Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS) [Hodur, 1997] . The COAMPS atmospheric model is fully compressible and nonhydrostatic and uses parameterization schemes for subgrid-scale convection, shortwave and longwave radiation processes, and mixed-phase cloud microphysics. The COAMPS system is run in reanalysis mode and contains a three-dimensional multivariate optimum interpolation (MVOI) analysis technique to generate the initial conditions for the COAMPS model in each data assimilation cycle. In this step, quality-controlled data from radiosondes, aircraft, satellites, and surface observations are used to create an MVOI of winds and pressure heights, while a univariate OI is performed for temperature and moisture.
[13] Hourly COAMPS momentum fluxes as well as surface atmospheric pressure are used to drive NCOM. Thermal surface forcing for NCOM consists of COAMPS longwave radiation and latent and sensible heat fluxes computed from hourly COAMPS wind speed, air temperature, humidity, and NCOM sea surface temperature using the bulk formulas of Kondo [1975] , as described by Martin and Hodur [2003] . Evaporation derived from the latent heat flux, along with COAMPS precipitation, is used to form the moisture flux for the surface salt flux calculation. In addition, penetrating COAMPS solar radiation modifies the ocean temperature.
[14] A 27-km-resolution COAMPS atmospheric model reanalysis on a grid of dimensions 193 Â 97 Â 30 levels covering the Mediterranean Sea area was used to drive a 6-km-resolution NCOM ocean model (of grid size 576 Â 288 Â 40 levels, 15 of which were sigma levels) of the entire Mediterranean Sea. The atmospheric fields produced were part of 12-hour incremental data assimilation cycles (with 24-hour forecasts) over the time period of interest. Further details and an evaluation of the system were documented by Hodur et al. [2001] . The Mediterranean Sea model was spun-up for 4 years (through June 2001). Observed monthly averaged climatological river runoff values were specified for the 54 major rivers flowing into the Mediterranean Sea based on the database developed by Perry et al. [1996] .
[15] The Mediterranean Sea model state valid 1 January 2001, 1200 UT was used to initialize the 2-km-resolution nested model whose domain covers the Adriatic Sea. A 6-month Mediterranean forecast run was then used to supply lateral boundary conditions for the 2-km-resolution model. Boundary fields were updated at a 12-hour frequency and interpolated linearly in time in between. The Orlanski radiation condition was used for temperature, salinity, and normal velocity, while the Flather condition was used for elevation, and a zero-gradient condition was used for tangential velocity [Rochford and Martin, 2001] . The lateral boundary is located at the entrance to the Adriatic Sea [16] In the Adriatic simulations, a set of surface flux fields from the inner 4-km nest of a triply nested COAMPS atmospheric model reanalysis centered over the Adriatic Sea (Figure 1 ) was used to force the NCOM high-resolution ocean nest for a simulation from 1 January to 6 June 2001. The atmospheric fields in the COAMPS Adriatic atmospheric model reanalysis were generated using 12-hour incremental data assimilation cycles with 15-hour forecasts. The COAMPS model was run with three nested grids that are one-way interactive. The nests were integrated simultaneously, with lateral boundary conditions at the nest interfaces provided every time step. To explore the impact of the resolution of the forcing on the ocean model, the 2-kmresolution NCOM Adriatic simulation was repeated using atmospheric forcing fields taken from the outermost nest (36 km) of the COAMPS Adriatic simulation.
[17] The topographic data for the COAMPS atmospheric model are based on the U.S. Defense Mapping Agency's 100-m-resolution data set. The 100-m-resolution data set was interpolated to a 1-km-resolution grid, which then was interpolated to the model grid meshes. The Mediterranean Sea bathymetry used by the 6-km-resolution NCOM ocean model was constructed from smoothing the 1/60°resolution U.S. Navy Digital Bathymetric Database (DBDB1). The Adriatic Sea bathymetry was digitized from Navy charts of depth soundings and then gridded onto a high-resolution finite-element mesh [Cushman-Roisin and Naimie, 2002] . It was subsequently interpolated to the 2-km-resolution NCOM ocean model grid and matched to the Mediterranean bathymetry near the open boundary.
[18] The Adriatic Sea ocean model has 50 vertical levels (36 of which are sigma levels) and 136 Â 376 horizontal grid cells. Highest resolution is achieved in the surface and bottom boundary layers (Figure 2 ). The vertical grid affords enhanced resolution in the shallow northern Adriatic waters using terrain-following (sigma) coordinates. Pressure gradient errors associated with sigma levels [Mellor et al., 1994] are avoided in the deeper southern Adriatic by employing z levels in areas of steeply sloping bathymetry.
Characterization of Atmospheric and Hydrological Forcing
[19] The northern Adriatic atmospheric circulation is dominated by a wind pattern termed ''bora'' whereby the mountains of eastern Italy, Slovenia, and Croatia accelerate fast, cold winds across the Adriatic Sea [Smith, 1987] . The bora, as represented in the wind stress statistics from (Figure 3 ), consists of several spatially distinct prongs of northeasterly winds that are strongest on either side of the Istrian peninsula. Maximum mean wind stress is located over the Gulf of Trieste, Kvarner Bay, and offshore of Zadar. The 36-km COAMPS mean wind stress fails to resolve the bora fingers situated over the Gulf of Trieste and off Zadar. Where the bora blows over the ocean, the amplitude of the mean wind stress is typically one third to one half the amplitude of the fluctuations in each model. In general, mean and fluctuating wind stress have larger amplitudes in the 36-km-resolution model and follow a more diffuse pattern over much of the eastern Adriatic. However, in the Gulf of Trieste and offshore of Zadar, fluctuating and mean wind stress values are stronger in the 4-km-resolution model. Also, in some nearshore regions, elevated fluctuations exist in the 4-km-resolution simulation, presumably reflecting the capability of the higher- Due north is 0°in the reported orientations, and negative angles are counterclockwise from north. Units are in meters per second. The magnitude of the error of the mean vector is the magnitude of the difference between the observed and modeled mean vectors. In the computation of RMS error, the time series were projected into the respective major axis orientations given in the table.
resolution model to produce coastal circulations such as the sea breeze, land breeze, and local enhancements due to flow around coastal features.
[20] A comparison of COAMPS 4-km-resolution wind velocity with data collected during an observational plane flight along the axis of the northern Adriatic as part of the Mesoscale Alpine Project field campaign in 1999 [Bougeault et al., 2001] verifies that the velocity structure of the bora is captured exceedingly well in terms of shape and magnitude by the 4-km-resolution COAMPS model. Signell et al. [2003] compared 4-km-resolution COAMPS and other meteorological model wind fields against observed winds over the northern Adriatic Sea at an ocean site near Venice for a 2-month period in spring 2001. The evaluation of model wind velocity values over 125 days using observations at two land locations is presented in section 4. The vast difference in the wind stress patterns generated over the ocean by the 4-and 36-km-resolution models points to the difficulty of evaluating high-resolution models over extended domains in data-scarce regions. This topic will be addressed in section 7.
[21] The 2-km-resolution Adriatic Sea model is forced by observed daily river discharge values of the Po River measured at the Pontelagoscuro gauge with salinity set to 0 psu and discharge temperature set to monthly climatological values. On the basis of historical [Nelson, 1970] and recent observations from December 2000 and June 2001 (A. Ogston, personal communication) the total Po River discharge is divided in the model between the Pila (80%) and Tolle (20%) river branches on the Po delta (see Figure 2 ). River runoff is injected into the top sigma level following the method of Kourafalou et al. [1996] . The Po River experienced six discharge events in excess of 3000 m 3 /s during 28 January-4 June 2001. March 2001 contained two events separated by about a day where the runoff exceeded this threshold continuously for over 3 days.
[22] As shown in section 5, it is important to represent the Po River discharge in the ocean model, as one of the ADCP sites is located near the mouth of the Po. However, the effects of river discharge on ocean circulation features are not investigated directly here.
Comparison With Atmosphere Observations
[23] COAMPS 10-m wind velocities from the 4-and 36-km-resolution models are compared with wind velocities Tables 1 and 2 . Correlation coefficients are given in the figure for the 4-km model/forcing relative to observations (black) and the 36-km model/forcing relative to observations (shaded). Times when the Po River discharge exceeds 3000 m taken at meteorological stations at Pula, Croatia, and at Tolle, Italy (near where the Po River discharges into the Adriatic). All observed and modeled values are recorded or interpolated hourly and subsequently filtered with a lowpass Butterworth filter with 21-hour cutoff. Velocities are rotated into the principal axis orientations to isolate the major direction of variability.
[24] At the Pula station the magnitude and direction of the mean velocity produced by the 4-km-resolution model is in better agreement with the observation than the same quantities from the 36-km-resolution model ( Figure 4 and Table 1 ). The standard deviation of the principal component of wind velocity from the 36-km-resolution model is twice that of the observation and of the 4-km-resolution model.
[25] At the Tolle site the mean velocity of the 36-kmresolution model is larger than that of the observed or 4-kmresolution model but is closer in magnitude and direction to the observations than is the 4-km-resolution model. As at the Pula station, the standard deviation of the principal component of the 36-km-resolution model wind velocity is larger than that of both the 4-km-resolution model and the observation.
[26] At both sites, the standard deviation of the principal component is within 0.22 m/s of the observed values for the 4-km model, and within 2.15 m/s of the observed values for the 36-km model. Both models reproduce the orientations of the observed major axis; although the orientations of the 4-km model major axis accord somewhat better with the observed major axis orientations at both stations. The RMS errors of the 4-km model are smaller than the RMS errors of the 36-km model at the Pula and Tolle stations. Furthermore, only the 4-km model RMS errors are smaller than the observed and modeled standard deviation at both sites.
[27] The correlation coefficients of the 4-and 36-kmresolution model velocities relative to the observations at the Pula station are 0.87 and 0.89, respectively. The correlation coefficients of the 4-and 36-km-resolution model velocities relative to the observations at the Tolle station are 0.87 and 0.86, respectively ( Figure 5 ). Thus the modeled/observed correlation coefficients at both sites are comparable for the two different model resolutions and exceed 0.85. The observed (4-km model/36-km model) maximum lagged correlation between the Pula and Tolle stations is 0.86 (0.87/0.94).
Comparison With Ocean Observations
[28] As part of the EuroSTRATAFORM experiment, the University of Washington (UW) set out a tripod-mounted RD Instruments workhorse ADCP off the Po River delta near the 12-m isobath (12.53°E, 44.88°N). In an unrelated observational effort, NRL placed a trawl-resistant, bottommounted ADCP in the western Adriatic just off the town of Senigallia on the 57-m isobath (13.45°E, 43.91°N). Book et al. [2003] present an analysis of these ADCP data at the [29] All observed and modeled values were recorded or interpolated hourly and subsequently filtered with a lowpass Butterworth filter with 21-hour cutoff. Velocities are rotated into the principal axis orientations in order to effectively isolate the alongshore (major axis/principal component) and across-shore (minor axis) directions in this region of variable coastline orientation. The 5-m UW velocity represents an average of five bins of 0.2-m spacing centered at 4.97 m depth. The uppermost NRL ADCP bin (4.6 m depth) was deemed excessively contaminated by bad data in the work of Book et al. [2003] . Hence the 5-m NRL velocity used here is the second bin (6.6 m depth).
[30] Neither model captures properly the orientation of the mean 5-m current at the UW site ( Figure 6 and Table 2 ). The UW site is located in the vicinity of strongly varying coastline orientation, which may increase the model sensitivity to the exact observation position. In addition, the currents at the UW site near the mouth of the Po River are heavily influenced by shifts in the plume location, which likely lead to enhanced variability and reduced predictability. As a consequence, the UW observed standard deviation of the principal component of velocity is approximately twice the mean velocity at 5 m below the sea surface. This relationship is reproduced in the ocean model forced by the 4-km-resolution COAMPS fields but not by the model subjected to the coarser-resolution forcing.
[31] At the NRL site, the 5-and 25-m standard deviations of the principal component are of approximately the same magnitude as the mean for the observed and modeled velocities, although the 36-km forced model matches the observed values better. Poulain [2001] previously documented fluctuating and mean currents of comparable size along the west coast of the Adriatic in an analysis of drifter observations. Additionally, at the NRL site the mean current is aligned closely with the major axis orientation in the observed and modeled fields.
[32] The magnitude of the error of the mean vector is smallest in the 36-km forced model at the NRL site (both depths), and the RMS errors are smallest for the 36-km forced model at both sites and depths. The observed (4-km forced model/36-km forced model) maximum lagged correlation between UW 5-m and NRL 5-m major axis velocities is 0.18 (0.32/0.51). The observed (4-km forced model/ 36-km forced model) maximum lagged correlation between NRL 5-m and NRL 25-m major axis velocities is 0.83 (0.55/ 0.85). Therefore the ocean model forced by the coarserresolution meteorological model generates currents that are more correlated horizontally and vertically than either the observed or modeled currents using the 4-km forcing. A similar result was found in the atmosphere where wind correlations between the two meteorological stations were greatest for the 36-km-resolution model. The difference in oceanic spatial correlations generated by the two forcing resolutions will be further quantified in terms of major axis decorrelation length scales in section 6.
[33] At 25 m depth at the NRL site, surges of the current down the coast are associated with bora events (negative excursions in the time series in Figure 5 ). Except during April, large Po River discharge events (shaded gray) are decoupled from the bora winds and associated ocean response. The correlation coefficient of modeled currents with observed currents is greatest for the 4-km forced ocean model. The 36-km forced and 4-km forced modeled/ observed correlations are distinguishable from each other with 99% confidence.
[34] Statistics were computed throughout the water column at the NRL site for currents rotated into the depthaveraged major axis orientations given in Table 3 (Figure 7 ). The structure of the observed mean and standard deviation of the principal component of velocity at the NRL site reveals the current to be primarily barotropic, as documented by Book et al. [2003] for a shorter data record (January through April 2001). This feature is captured by both the 4-and 36-km forced ocean model simulations (Figure 7a ). The 36-km forced ocean model yields somewhat larger mean and standard deviations, more in accordance with the observations. The depth-averaged major axis current statistics of Table 3 reinforce this result, which could be explained by the increased spatial extent of large mean and fluctuating wind stress values over the ocean in the 36-km COAMPS model (Figure 3) .
[35] The vertical structure of maximum lagged correlation of the ocean current at the NRL site with wind velocity at the Tolle station shows a subsurface maximum in both observed and modeled correlations (Figure 7b ). (Note that in this analysis, for consistency, modeled winds are correlated to modeled currents and observed winds are correlated to observed currents.) By contrast, observed and modeled wind/current correlations are largest near the surface at the UW site (not shown). Lags of maximum correlation are somewhat shorter in the observations compared to the models. For instance at 25 m depth the lag for observed (modeled 4-km forcing/modeled 36-km forcing) maximum correlation is 17 hours (19 hours/19 hours). The 4-km forced model better represents the depth-dependent structure and magnitude of the observed wind/current correlations compared to the 36-km forced model. However, the correlations of observed NRL currents with observed Tolle winds are larger than the correlations between modeled currents and modeled winds (for both 4-and 36-km forcing). That observed winds are more strongly correlated with observed currents at depth may be related to the observed mean and standard deviations being larger than the modeled values at this site.
[36] At the NRL site, below approximately 20 m depth, the 4-km forced model correlates better with the observed currents (Figure 7c ). The correlation coefficients are distinguishable from each other with 90% confidence in the depth range of 25-37 m. This corresponds to the region of the water column where the observed and modeled fields, as shown above, were the most strongly correlated with winds at the Tolle station.
[37] Correlations at the NRL site between observed ocean currents and 4-km forced ocean currents in the upper 12 m were smaller than those of the observed ocean currents with the 36-km forced ocean currents. The 4-km forced model and 36-km forced model differ in their representation of the dynamics in the near-surface waters at the NRL site. Typically, the 36-km forced model produces a deeper mixed layer, as determined by the depth at which the temperature has an anomaly from the surface waters of more than 0.05°(not shown). This characteristic is particularly pronounced during the spring period of midMarch through April and may contribute to the discrepancy between the models in matching the observed velocity near the surface. Figure 8 . Wind stress curl EOF 1 and associated amplitude time series for the 4-and 36-km-resolution COAMPS simulations. The wind stress fields were interpolated to the 2-km ocean model grid prior to the computation of the curl field. The percent mean product that the EOF represents is given in the wind stress curl maps. Units of the wind stress curl are dyne/cm 3 Â 10,000.
[38] Book et al. [2003] demonstrate the linkage between the COAMPS wind stress and the observed currents at 43 m depth at the NRL site. They found that maximum lagged correlations followed a pattern consistent with the bora imprint. To conclude this section we further quantify and extend this result.
[39] The COAMPS wind stress curl pattern generated by the 4-and 36-km-resolution models is encapsulated in the mode-1 Empirical Orthogonal Function (EOF) (Figure 8 ). (In these EOF analyses, the mean has been retained since it contains a strong signature of the bora.) The wind stress curl mode-1 EOF is stronger in amplitude Figure 9 . Maximum lagged correlation of 5-m observed major axis current at the (a) UW site and (b) NRL site with COAMPS 4-km-resolution model wind stress curl. Wind stress was interpolated to the 2-km ocean grid before calculation of wind stress curl. Lagged correlations were computed from the time series of every second wind stress curl point on the 2-km grid. The ADCP observation site being correlated with the wind stress curl is marked with a cross in each panel. Statistics are highlighted in the text for the location indicated by the triangle. and more highly structured spatially on the 4-km-resolution grid. The fine-scale structure on the 4-km-resolution grid is evidenced by several regions of maximum negative wind stress curl located over the northern portion of the Gulf of Trieste, off the southern tip of the Istrian peninsula, and north of the Croatian town of Zadar. By contrast, the sole region of negative wind stress curl in the 36-km-resolution mode-1 EOF is weaker in magnitude and occurs over a broad swath of the far northern Adriatic. Gradients of wind stress curl are quite weak on the 36-km grid, and positive wind stress curl extends across the region below the Istrian peninsula.
[40] Though the observed 5-m currents at the UW and NRL sites are poorly correlated with each other, as documented earlier in this section, the currents at the two sites nonetheless respond to a similar wind stress curl spatial pattern represented by the 4-km COAMPS model (Figure 9 ). The three regions that are most highly correlated with the ocean response at the two sites correspond to areas of large horizontal shear in the bora winds, that is, large negative wind stress curl (Figures 3 and 8) . The maximum correlation (lag) of the major axis 5-m current with the wind stress curl located at the triangle in Figure 9 is 0.49 (16 hours) for the NRL site and 0.44 (0 hours) for the UW site. The observed currents respond more quickly to the regions of greatest simulated wind stress curl at the UW site compared to the NRL site, with correlations being smaller for the UW site. At the NRL site, the correlations of the current with wind stress curl increase substantially at 25 m depth but reproduce the same spatial structure (not shown). To further explore the dynamical connection between the ocean and the atmosphere, section 6 will present statistical correlations Velocity EOF 1 contains 42.85% of the total variance (because of the variable spacing of the sigma coordinates, the time series at each grid point was normalized by the square root of the grid cell area before the EOF calculation. The EOF is displayed unweighted above). The black vertical line indicates the location of the NRL ADCP site. of this main wind stress curl pattern with the modeled ocean response.
Statistics and Patterns of Ocean-Atmosphere Circulation
[41] In this section, modeled oceanic and atmospheric velocity statistics for the 125-day simulations are presented on cross sections and horizontal maps. The connection between the ocean and atmosphere is quantified through EOFs and their amplitude time series correlations.
[42] The 4-km forced model velocity mean and standard deviation through the Senigallia section out to 13.7°E (section location drawn with a dashed line in Figure 6 ) reveal the structure of the current field in the vicinity of the 57-m isobath where the NRL ADCP was situated (black line) (Figure 10 ). The mean and fluctuating currents are barotropic near the NRL site, as verified in the observations, but are baroclinic inshore of the NRL site. The mean current in the upper 10 m exceeds 10 cm/s, while the standard deviation is greater than 8 cm/s. The shape of the fluctuations reflected in the standard deviation mimics a classic coastal current. The velocity mode-1 EOF is strongly correlated with the 4-km-resolution wind stress curl mode-1 EOF of Figure 8 (maximum correlation coefficient of 0.82 lagging by 9 hours). The structure of this primary velocity EOF (accounting for 42.85% of the total variance) suggests a wind forced response that dominates the midshelf region and whose magnitude is strongest at depths exceeding 20 m. This mode explains a majority of the local variance below about 15 m depth in the waters surrounding the NRL site. The depth-dependent response to the wind forcing represented by the velocity mode-1 EOF is consistent with the observations at the NRL site where the correlation of observed currents with observed winds was greatest below about 20 m depth.
[43] Fluctuations of the surface-intensified nearshore coastal current about the mean state are represented by the velocity mode-2 EOF comprising 19.69% of the variance (not shown). Together, the first two modes account for the majority of the variance in the western portion of the Senigallia transect.
[44] The orientation of the principal axes of COAMPS 4-km-resolution wind velocity during winter and spring 2001 is quite variable over the domain (Figure 11 ). Preferred orientations are apparent in the mountainous regions Figure 4 , land topography is contoured at 100, 500, and 1000 m.
(e.g., where the bora has its origin). Over the ocean, the wind velocity ellipses are larger and more circular, indicating increased variability in all directions. Over the Po River drainage basin, the winds have virtually no dominant axis of variability and are extremely weak in the mean. Mean values are highest in the area of the bora (in the Slovenian and Croatian mountains and adjacent ocean) as well as in the Appenine Alps. The maximum mean wind velocity (5.76 m/s) is found at the site marked by the diamond. The maximum standard deviation of the principal component (6.54 m/s) is found at the point marked with a triangle.
[45] The 4-km forced NCOM ocean model velocity mean (arrows) and principal ellipses of standard deviation at 5 m depth during winter and spring 2001 display the anticipated polarization of coastal currents in the northern and western Adriatic (Figure 12 ). The current recirculates south of the Istrian peninsula and north of the Jabuka Pit. Variability is large in the area adjacent to where the Po River discharges and in the confined regions behind the Croatian Islands. These general features of the circulation match the findings based on drifter release reported by Poulain [2001] . At 25 m depth the magnitudes of the mean and standard deviation are reduced. Except for the pronounced circulation along the northern coast, many of the same circulation features as were evident at 5 m depth are apparent at 25 m depth. In addition, southward flow along the Istrian peninsula is a prominent feature at this depth.
[46] The ocean velocity mode-1 EOFs at 5 m depth generated by the 4-and 36-km forced models are quite different in the far northern Adriatic (Figure 13 ). The cyclonic circulation that monopolizes the shallow northern Adriatic in the 4-km forced model is not well formed in the 36-km forced model. The anticyclonic circulation cell off the Istrian peninsula is absent in the 36-km forced model. Instead, the recirculation to the south of the Istrian peninsula extends farther north in the 36-km forced model than it does in the 4-km forced model.
[47] At 25 m depth, the anticyclone apparent in the velocity mode-1 EOF is strengthened on the 4-km grid. The circulation of the velocity mode-1 EOF of the 36-km forced model is quite weak in the far northern Adriatic (the magnitude of the currents is supplied by the amplitude time series, shown in the bottom panel of Figure 13 ). The features of the circulation from the 4-km forced model, just highlighted, locally account for a substantial fraction of the mean product, with the southward flow along the Istrian peninsula increasing in importance with depth ( Figure 14) . The double-circulation cell that is a generic feature of the circulation in the model forced by the 4-km-resolution atmospheric fields was produced by a model forced for several days by realistic bora winds [Paklar et al., 2001] and has been partially observed in the field, as noted in section 1.
[48] The mode-1 EOF wind stress curl patterns (Figure 8 ) are highly correlated with the ocean model velocity mode-1 EOF patterns of Figure 13 (Table 4 ). The correlation coefficients increase with depth for both the 4-and 36-km forced ocean simulations. The lag of the maximum correlation also increases slightly with depth. An increase with depth of correlation with wind at the NRL site in both the observations and models was presented in section 5. This feature observed at a single point is shown in the model simulations to apply to a broader region of the northern Adriatic, where waters are deeper than 25 m.
[49] An additional manner in which the resolution of the wind forcing leaves its mark on the ocean is through spatial correlation scales. Maximum lagged cross correlations between the modeled 25-m major axis velocity at the NRL site and the modeled major axis velocity elsewhere using 4-and 36-km-resolution forcing ( Figure 15 ) provide a measure of the major axis decorrelation length scale. The major axis decorrelation length scales generated by the 4-km forcing are shorter than those obtained with the model using the 36-km forcing, as indicated by the extent of the 0.9 contour. A similar result was obtained for major axis velocities at 5 m depth (not shown). Elevated correlations between the modeled velocity at the NRL site and the modeled velocity off the Istrian peninsula occur with 4-km forcing but not with 36-km forcing. A linkage between these two regions of the basin was hypothesized by Book et al. [2003] and appears to be substantiated here.
Discussion and Conclusions
[50] This work was designed to evaluate ocean and atmosphere simulations of the northern Adriatic and to identify model-derived patterns of circulation in the ocean and atmosphere. An additional goal was to clarify and quantify the impact of the atmospheric model resolution on the winds and associated wind-driven ocean response. The 4-km-resolution (innermost COAMPS nest) atmospheric model produced clearly delineated bora fingers that were more diffuse and/or absent in the 36-km-resolution (outermost COAMPS nest) model.
[51] At two meteorological stations, the orientations of the principal ellipses of standard deviation of 10-m velocity of both models closely match the observed orientations. The standard deviations of the 36-km model principal component exceed the observed values and 4-km model values at both sites. At both stations the 4-km model produced smaller RMS errors of wind velocity than the 36-km model. The correlations of the 4-and 36-km modeled wind velocity with observed wind velocity were quite high (greater than 0.85) and were not dependent on the model resolution.
[52] Ocean model evaluation using two sites instrumented with ADCPs was conducted for the 4-and 36-km forced ocean model simulations. Variability with over twice the magnitude of the mean was observed and modeled at the shallow (UW) site. At most depths at the deeper (NRL) site the 36-km forced model yielded a stronger velocity mean and standard deviation of the principal component than the 4-km forced model. This increased magnitude of the mean and fluctuating currents accorded well with observations. The 36-km forced model had smaller velocity RMS errors at both sites. Observed wind/current correlations at the NRL site increased down to approximately 20 m and then remained relatively depth-independent with values reaching in excess of 0.8. The 4-km forced model reproduced the shape and magnitude of the observed wind/current correlation as a function of depth better than the 36-km forced model. Below 20 m the 4-km forced model velocities correlated better with velocities observed at the NRL site.
[53] The wind stress curl mode-1 EOF of the 4-km COAMPS model displayed distinct regions of large negative wind stress curl that were absent in the 36-km COAMPS model. The UW and NRL observed 5-m major Figure 14 . Percent local mean product explained by the velocity mode-1 EOFs displayed in Figure 13 . Contours are 25, 40, 50, 60, and 75%. axis velocity correlated most strongly with the regions of modeled maximum negative wind stress curl. Although the correlation between the observed 5-m ocean velocities at the two sites is below 0.2, the sites appear linked to some degree by expressing largest correlations with a common wind stress curl pattern.
[54] As demonstrated using an EOF analysis of the 4-km forced ocean model velocity along a section through the NRL ADCP site, below approximately 20 m depth the current over the 57-m isobath has an intensified wind forced response. The wind forcing also generates horizontal circulation (mapped using velocity EOFs at several depths) consisting of a double-gyre circulation when the 4-km-resolution COAMPS forcing is employed. The EOFs reveal this feature to be a generic ocean response to the applied high-resolution wind stress curl during the 125-day simulation. This pattern has appeared in observations (both remotely sensed and in situ) and some modeling simulations but is absent in our simulation using the 36-km-resolution COAMPS forcing. Hence the pattern of wind stress curl represented by the 4-km-resolution COAMPS model appears to produce more realistic circulation features in the ocean as well as better agreement with the observed correlation structure of winds with currents at the NRL site.
[55] Munchow [2000] presented observational evidence for the importance of small-scale atmospheric wind stress curl in inducing a cyclonic eddy in the underlying waters of the Santa Barbara Channel, California. Similarly, the wind stress curl over the northern Adriatic is linked to the doublegyre circulation in the shallow waters below. However, in addition, the energy of the bora is shown here to have an important effect on the ocean even at sites distant from the area of strongest applied atmospheric forcing. The mesoscale nonlocal air-ocean feedback documented here for the Adriatic region is likely an important component of other energetic coastal regions.
[56] In terms of seasonal effects, during winter and spring the northern Adriatic waters are quite homogeneous and currents are strongly wind-driven. The statistical analyses presented here show the models to be very capable of generating realistic levels of variability in the ocean during this time. During such barotropic conditions, variability travels along geostrophic contours, which isolates the middle part of the basin from the perimeter. When stratification effects become important during summer, baroclinic meanders and instabilities of the boundary current may play a more pronounced role in the variability of the region.
[57] Nachamkin and Hodur [2000] conducted a validation study of the forecasts from two different resolution atmospheric COAMPS nests over the Mediterranean Sea. When computing error statistics for the two models, they encountered ambiguity in documenting the superior forecast capability afforded by the higher-resolution grid. They suggest that small phase and spatial errors may attend the higher-resolution forecasts, while limited validation data inhibit verification of spatial patterns. These factors do not necessarily render the higher-resolution models less skillful. Instead, they point to the need for more sophisticated verification tools as well as higher-resolution validation data.
[58] Although the RMS error of the 4-km model is smaller than the 36-km model at both observation sites, our work shows that the 4-km-resolution atmospheric model is not unambiguously superior to the 36-km-resolution model when correlations at individual observation points are compared. The Tolle and Pula stations are somewhat isolated from the main regions where the fine-scale structure of the bora is most evident (Figure 3) . Mass et al. [2002] suggest that in locations where topography strongly controls the atmospheric flow, high-resolution models are capable of generating superior forecasts. However, in areas where the synoptic meteorology strongly controls the flow, information from the lateral boundaries (the coarser nest) can dominate the forecasts. The fact that the correlation coefficient between modeled and observed velocities at both Pula and Tolle is insensitive to the different model resolutions would indicate control to some extent of the two models by the shared synoptic meteorology; that is, the high modeledobserved correlations of comparable magnitudes produced by both the 4-and 36-km models may be a reflection of larger-scale influences that are common to both models.
[59] Nonetheless, at the two meteorological stations, the 36-km-resolution model substantially overpredicts the standard deviation of the principal component and yields a larger RMS error. Even over waters adjacent to the Pula and Tolle stations the ratio of the 36-to 4-km model wind stress variability exceeds 1.5 (Figure 3 ). Pula and Tolle are downstream from the mountainous region that accelerates the bora. Possibly due to some topographic control of the flow, the higher-resolution model is better able to predict the fluctuating winds at these locations. This hypothesis is reinforced by the correlation between Tolle and Pula winds, being largest for the 36-km model; that is, the 36-km model produces wind velocity time series at Tolle and Pula that are much more highly correlated with each other than are found in the 4-km model or observations, suggesting that aspects of the flow in topographically complex terrain that can be resolved on the 4-km grid allow the higher-resolution model to produce correlated but more distinguishable velocity time series at the two stations, as is observed.
[60] We have found that the higher-resolution atmospheric model produces velocity fields whose statistics are in better accordance with observations. Though the higher-resolution atmospheric model may be indistinguishable in its performance when correlated against point observations, the regional pattern of circulation produced on the higherresolution grid is superior to its coarser-resolution counter- part. The impact on the ocean is that certain statistical quantities at individual points removed from regions of strongest forcing appear relatively insensitive to, or even adversely affected by, the higher-resolution atmospheric forcing; while the regional patterns of coastal ocean circulation are quite favorably affected by the more refined imprint of wind stress curl left by the higher-resolution atmospheric model.
[61] Recent data assimilation efforts in the coastal ocean have utilized model-derived cross correlations to estimate the correlation structure of variables [Oke et al., 2002; Breivik and Saetra, 2001] . Here major axis decorrelation scales are much longer for the Adriatic Sea simulation forced by the coarser-resolution COAMPS atmospheric model. This suggests that when determining decorrelation length scales for applications such as coastal ocean data assimilation, the scales generated by the ocean models might be highly dependent on the resolution of the atmospheric forcing. This is sure to become a more prominent issue as the ocean models gain higher resolution yet are limited in their ability to properly resolve scales of motion by the resolution of the atmospheric forcing.
